Wnts have been implicated in metanephric kidney development. To determine whether Frizzleds, the genes that encode Wnt receptors, are present at early stages of nephrogenesis, we examined the expression of several recently identi®ed Frizzled genes in the chick by in situ hybridization. Here we report the cloning and characterization of chick Frizzled-4 (cFz-4), which we found to be expressed in the developing chick kidney. cFz-4 was ®rst expressed in the pronephros caudal to the third somite at Hamburger and Hamilton stage 10. Its expression increased with maturation, becoming restricted to the newly induced glomeruli and tubules in the mesonephros and metanephros. Within the metanephros, cFz-4 and Wnt-4 expression patterns were similar, whereas Wnt-11 was expressed solely in the tips of the branching ureteric bud. cFz-4 expression was compared with that of known kidney markers. It preceded that of Lmx-1, but was similarly restricted to developing glomeruli and tubules. In contrast, Pax-2 expression and Lim 1/2 antibody labeling occurred in intermediate mesoderm caudal to the ®fth somite in the early pronephros, and each persisted in both the tubules and nephric ducts throughout further development. q
Results

Cloning of cFz-4
Frizzled genes comprise a family of 7-pass transmembrane receptors that encode receptors for the Wnt family of signaling molecules. Wnt-4 expression in the kidney mesenchyme likely serves as a mediator of mesenchymal to epithelial transformation (Stark et al., 1994; Nguyen et al., 1999 ; reviewed by Vainio et al., 1999; Kuure et al., 2000) . We recently identi®ed seven Frizzled family members in chick by degenerate polymerase chain reaction (PCR) and subsequent library screening, including Frizzled-4 (cFz-4), which is expressed in the developing kidney (Stark et al., 2000) . The deduced amino acid sequence of cFz-4 identi®ed most closely with that of other vertebrate Fz-4 genes (91±94% amino acid identity), including a previously identi®ed fragment of the chicken Fz-4 gene (Nohno et al., 1999; Fig. 1 ). Here we report cFz-4 expression at all stages of avian kidney formation. We also brie¯y compare its expression pattern with those of Wnt-4, Wnt-11, and three known kidney markers, Pax-2, Lim 1/2, and Lmx-1.
Embryonic expression of cFz-4 in the chick
We ®rst observed cFz-4 expression at the 6 somite stage, or Hamburger and Hamilton stage 9-(HH 9-; Hamburger and Hamilton, 1951) when faint, transient expression was detected in the caudal forebrain (data not shown). Transient cFz-4 expression was also observed in the lateral and ventral walls of the foregut (pharynx) as early as stage 10 (Fig. 2D) . At later stages, cFz-4 was expressed in the optic cup ( Fig.  2A) , in the kidney and in the apical ectodermal ridge (AER) of the limb (Fig. 2B) . At HH30, expression was observed in the interdigital spaces and around the developing digit cartilage of the developing limbs (Fig. 2C) . The most striking expression was observed in the developing kidney (Fig.  2B,D±M) , which is the focus of this study.
Expression of cFz-4 in the developing kidney
In the developing kidney, cFz-4 expression was ®rst detected in the intermediate mesoderm caudal to the third somite at HH10 (Fig. 2D) . Tissue sections showed that cFz-4 expression was con®ned to the nephrogenic intermediate mesoderm situated between the paraxial mesoderm (somites) and the lateral plate mesoderm; its rostral limit was at the level of the third somite (Fig. 2E) . By HH15, cFz-4 was strongly expressed in condensed mesenchyme adjacent to the nephric duct and in mesonephric tubules (Fig.  2F±Iw) . With further development, mesonephric cFz-4 expression became restricted to the medial, more recently induced glomeruli and tubules (Fig. 2J,K ). This pattern persisted in the metanephros, where only the newly formed glomeruli and tubules expressed cFz-4 (Figs. 2L,M and 3A,B). Expression only in newly induced vesicles and tubules was not surprising, because Wnts participate in the conversion of mesenchyme to epithelium in the mouse kidney (Stark et al., 1994) . To con®rm the presence of potential binding partners for cFz-4, we performed wholemount in situ hybridization on chick metanephric kidneys with probes for Wnt-4 and Wnt-11. Wnt-4 was expressed similarly to cFz-4 during metanephrogenesis ( Fig. 3E,F ; Vainio et al., 1999) whereas Wnt-11 expression was restricted to the tips of the ureteric bud (Fig. 3G,H ).
Comparison of cFz-4 expression with that of known kidney markers
cFz-4 was expressed caudal to the third somite in the late pronephros (HH10, Fig. 2D ,E). In contrast, Pax-2 expression and Lim 1/2 antibody staining, the earliest pronephric markers (Mauch et al., 2000) , were detected caudal to the ®fth somite at earlier stages of pronephric development (Fig.  4A±F ,K,L). Pax-2 was expressed not only in the developing glomeruli and tubules, but also in the nephric duct and its derivatives, (Figs. 3I,J and 4C±F). Lim 1/2 antibody staining was similarly distributed (Fig. 4K,L) . cFz-4 expression occurred earlier than that of the mesonephric marker, Lmx-1 (Mauch et al., 2000) . At HH 13, when cFz-4 was strongly expressed in the mesonephric mesoderm and tubules, no Fig. 1 . Alignment of the deduced cFz-4 amino acid sequence with orthologues from mouse (Genbank accession number #U43317), human (#NM_012193; #AB032417), rat (#AF183910) and Xenopus (#AJ251750), as well as a previously cloned fragment of cFz-4 (cfz-4fr; Nohno et al., 1999; #AB029451) . The dendogram shows the overall similarity of the frizzled-4 genes (percentage similarity to cFz-4 in parenthesis). Zebra®sh frizzled-4 (#AF117388) was most closely related to another frizzled sub-family, which included cFz-9fr and cFz-10. The asterisk (*) indicates the predicted signal peptide cleavage site. The gray bar demarcates the predicted extracellular domain, which includes the cysteine-rich Wnt binding domain. The black bar demarcates the predicted cytoplasmic domain.
Lmx-1 expression was detected in these regions (not shown). Rather, nephric Lmx-1 was ®rst detected at about HH16 (Mauch et al., 2000) or HH17 (Fig. 4G,H) , and its expression domain expanded with maturation (Fig. 4I,J) . Despite its later onset, the pattern of Lmx-1 expression in the meso- (Fig. 4I,J) and metanephric (Fig. 3C,D) kidneys was remarkably similar to that of cFz-4 (Figs. 2F±M and 3A,C) . Both were strongly expressed in the medial (newly induced) glomeruli and tubules, whereas expression could not be detected in the more lateral (more mature) nephrons. Neither Lmx-1 nor cFz-4 was expressed in nephric duct derivatives (Figs. 2G,I ,K,M and 4H,J). Interestingly, both Lmx-1 and cFz-4 were expressed in the developing limbs, but their distributions differed. Whereas cFz-4 (Fig. 2B ) was ®rst expressed in the apical ectodermal ridge of the limb, limb Lmx-1 expression (Fig. 4G ) was restricted to the dorsal mesoderm.
In summary, cFz-4 is expressed in tubules, but not ducts, at all stages of nephrogenesis.
Materials and methods
Embryos
Fertile chicken eggs were incubated at 388C in forced- Fig. 3 . Comparison of metanephric cFz-4 expression with expression of Lmx-1, Wnt-4, Wnt-11, and Pax-2. cFz-4 (A,B) expression in 14-day chick embryos had a similar distribution to that of the late kidney marker Lmx-1 (C,D). Mesenchymal expression of Wnt-4 (E,F) overlapped with that of cFz-4 (A,B), whereas Wnt-11 expression (G,H) was restricted to the tips of the ureteric bud (red line outlines ureteric bud). In contrast, Pax-2 was expressed along the entire length of the ureteric bud, as well as in mesenchymally derived structures (I,J). Fig. 2 . cFz-4 expression in the developing chick embryo. Chick cFz-4 expression was analyzed at HH stages 10±36. At HH18, cFz-4 was expressed in the margin of the optic cup (A). The inset (A) shows a tissue section of optic cup expression. Kidney tubule expression was strong at HH17, whereas the nephric duct did not express cFz-4, and limb bud expression was just beginning in the AER (B). cFz-4 was strongly expressed in limb bud cartilage, as well as in the interdigital spaces, by HH 30 (C). Pronephric expression was ®rst detected caudal to the third somite at HH 10 (D,E). Expression was also noted in the foregut. In the mesonephros, cFz-4 was expressed in newly forming tubules and glomeruli, but was absent from the mesonephric duct (F±M). Mesenchymally derived metanephric structures continued to express cFz-4, but ureteric bud derivatives did not (L±M). OC, optic cup; FG, foregut; S, somite; NT, neural tube; N, notochord; A, aorta; V, postcardinal vein; MB/HB, midbrain-hindbrain; OV; otic vesicle; S3, third somite; LP, lateral plate mesoderm; L, limb; meso, mesonephros; meta, metanephros; black arrows, nephric tubules; black arrowheads, nephric duct; red arrow, apical ectodermal ridge of limb; asterisk (*), non-speci®c trapping in hollow structures. Bars: whole-mounts, 300 mm; sections, 100 mm. draft, humidi®ed incubators until embryos had reached the appropriate stage (Hamburger and Hamilton, 1951) .
Cloning of cFz-4
cFz-4 was cloned as previously described (Stark et al., 2000) . Brie¯y, a fragment of cFz-4, isolated by degenerate PCR, was used to probe a stage 4-11 l-ZAP II library (Stratagene) developed in the Schoenwolf laboratory (J. Thayer). Two cFz-4 clones were isolated in the library screen, one of which contained the full coding sequence ( Fig. 1 ; Genbank accession #AF224316). Gene identity was determined by comparison with known frizzled genes in chick and other vertebrate species.
Whole-mount in situ hybridization
Embryos were ®xed in 4% buffered paraformaldehyde, dehydrated in graded methanol, and frozen at 2208C. Rehydrated embryos were subjected to whole mount in situ hybridization with digoxigenin-labeled anti-sense RNA probes for cFz-4, Pax-2, or Lmx-1 (Nieto et al., 1996) . The Pax-2 probe was provided by Domingos Henrique (Times Torres et al., 1995) , Lmx-1 by Randy Johnson, Wnt-4 and Wnt-11 probes by Tsutomu Nohno (Tanda et al., 1995) . Probes were detected using sheep anti-digoxigenin antibody conjugated to alkaline phosphatase as previously described (Wilkinson, 1992; Mauch et al., 2000) . For histologic examination, embryos previously subjected to whole mount in situ hybridization were embedded in paraf®n and transversely sectioned at 15 mm intervals.
Immunohistochemistry
Whole embryos were ®xed in 4% buffered paraformaldehyde and then labeled with a mouse antibody that recognizes Lim 1/2 as previously described (Mauch et al., 2000) . Pax-2 was expressed caudal to the ®fth somite prior to HH10 (A,B). It persisted in the mesonephros (C±F), where it was expressed in both tubular and nephric duct-derived structures. The pattern of Lim 1/2 antibody staining was similar to Pax-2 expression. At HH17, double labeling with cFz-4 and Lim 1/2 antibody showed that cFz-4 was expressed only in newly induced tubules, whereas Lim 1/2 antibody labeled the nephric duct, connecting segment and newly induced tubules (K,L). Mesonephric Lmx-1 expression was ®rst detected at HH 16-17 (G,H). Its expression pattern closely resembled that of cFz-4 (I,J). Lmx-1 expression was abundant in the dorsal mesoderm of the limb bud by HH 17 (G). Abbreviations: NG, neural groove; N, notochord; S, somite; LP, lateral plate; A, aorta; V, postcardinal vein; L, limb bud; D, nephric duct; arrows, intermediate mesoderm-derived nephric tubules; arrowheads, nephric duct. Bars: whole-mounts, 300 mm; sections, 100 mm.
